The paper deals with the tracking problem for multi-input multi-output systems under unknown smooth external disturbances within the framework of the block approach. The paper introduces the notion of the joint block-canonical form of controllability and observability of linear systems with respect to the output. Based on this form, decomposition algorithms of the synthesis of an invariant tracking system have been developed. The main feature is using sliding mode state observers for dataware of basic laws of the combined control. These observers are built as a replica of the joint block form with closed local feedbacks, what enables one to obtain current estimates of components of the control laws directly. Such an approach considerably simplifies the regulator structure, since it does not require direct and inverse real-time substitution of variables, as well as it does not require deriving dynamic models of reference and disturbing actions. Basing on the derived theoretical results, the decomposition synthesis of the feedback in the problem of control of the tangage of an amphibian aircraft under approaching landing under wave disturbances is implemented.
INTRODUCTION
The paper deals with the problem of tracking given paths by the outputs of a control plant. The considered mathematical model of the control plant features all qualitative attributes of a complex system such as high dimensionality, multiple channels, incompleteness of measurements of state variables, uncertainty of the parameters and mathematical model of the given path as a time function, as well as presence of nonmeasurable external disturbances. The tracking problems in linear dynamic systems are studied within the framework of the geometric approach under the assumption that the external disturbances and reference inputs are generated by an autonomous dynamic system with certain parameters (Wonham, 1979 ). The present paper considers a "narrow" problem in the sense that its formulation admits a solution using the state and disturbance feedback, but does not allow one to increase the system's dynamics order. The problem of disturbances rejection is solved as compensating them on the basis of estimates obtained by sliding mode observers (Krasnova, 2005) .
A nonsingular transformation of the state providing an equivalent input/output system representing directly the relation between the input and output variables is an effective tool to solve the tracking problem of both linear and nonlinear dynamic systems. The direct method of determining the output mapping of the initial system by use of multiple differentiations of the output variables with purposeful nonsingular replacement of the state by those of the output vector and their derivatives is most advisable (Silverman, 1969; Isidori, 1995) . The block approach is used below as a methodological background for decomposition of both the problems of analysis and design (Drakunov et al., 1990; Utkin, 2001 ). In contrast to the existing componentwise decentralized forms, the block equivalent model is proposed, which consists of connected input/output subsystems of various dimensions. The paper introduces the notion of the joint block-canonical form (JBCF) of the controllability and observability of linear systems with respect to the output. Sufficient existence conditions of JBCF are given. A stepwise procedure providing the feedback design for the tracking problem along with removing external disturbances is developed on the basis of the determined block form. Sliding mode observers enabling estimation of the state of the transformed system, derivations of given paths and external disturbances are used for dataware of basic laws of the combined control. Within the approach, the decomposition synthesis of the feedback in the problem of control of the tangage of an amphibian aircraft under approaching landing under wave disturbances is implemented. Results of a computer simulation confirming the theoretical presentation obtained are presented.
TRACKING IN LINEAR MIMO SYSTEMS UNDER UNKNOWN SMOOTH DISTURBANCES
Let us consider a linear system are matrices with elements of cor-
. It is assume that only the output variables are measured without noises; analytic laws of the given paths 0 ) ( m R t g ∈ of the output variables 1 y are not known, and that the current values of the reference input are known only. The given paths are assumed to be smooth bounded time functions with bounded derivatives of a required order. The matrix Q and part of the matrix A (included in the control space B Im ) have parametric uncertainties. Under these assumptions, the problem of a feedback design providing asymptotic convergence of the variable 1 y to the given paths
along with removing the disturbances is stated. The study consists of two stages: (i) solvability analysis, that is, formalization of a class of linear systems (1) for which the tracking problem has a solution under full information, and (ii) feedback design including the problem of observation. The assumption of smoothness of the external disturbances expands the class of invariant system in comparison to the case of non-smooth disturbances (Akhobadze et al., 2009 ).
We introduce the joint block-canonical form (JBCF) of controllability and observability with respect to the output of system (1) whose organization reflects the aforementioned specificity of the tracking problem and underlies the solution of problem (2). The JBCF is as follows: 
) is the maximum relative degree. The state of system (3) consisting of linear combinations of the output variables and their derivatives up to the order ) 1 ( − μ . These combinations are related with the state of system (1) by the nonsingular transformations 
where
, then it is called the full JBCF of system (1);
) it is called the incomplete JBCF. The requirement on boundness of the solution
means stability of the internal dynamics (4).
JBCF (3) (Krasnova et al., 2001) . We should keep the observability of linear combination of the state vector, external disturbances and their derivatives (5) in contrast to classical problem of observation. It is known that the classical observation problem for the mentioned variables could not have the solution separately. From another hand side, in the problem of tracking the variables 1 + i y are treated as virtual controls of full the full dimension that are selected purposefully to provide the required dynamics of the variables i y (Utkin, 2001) . Then, the elementary problem of stabilization of the residuals between the actual and required virtual control is solved at the ) 1 ( + i st step in accordance to the block approach. The generated local dependencies are met at the last step with the true controls. The structure of JBCF (3) reflects the channels of the control i u (7) ( μ
y is the total control by "its" true control 1 u ; 1 y , by the virtual control 2 y , which, in turn, are totally controlled by "their" true 2 u and virtual control 3 y , and so on, and finally, the variables μ y are totally controlled by "their" true control μ u . It is essential, that the assumption of smoothness of the external disturbances does not need the well known matching conditions. The information about the external disturbances and their derivatives, involved in coordinate transformation (5), can be used for the control law design by use of the virtual controls, which are components of the state vector.
Conditions of the JBCF existence, its completeness and boundness of solution (8) are defined by the structural properties of control plant (1), which are formalized in an analogy to the Kalman controllability and observability criteria in terms of the rank relations of the matrices )). , ( ( (1), where
, and the following conditions are met: Without loss of generality, we consider incomplete JBCF (3),(4) of system (1) 
where for system (10) condition (8) 
and is solved procedurally on the basis of the block approach (Utkin, 2001) , which allows one to divide the design problem of the dimension 2 1 2 p p l + = into successively solvable elementary problems. The dataware of the basic control law is done by the sliding mode observers. The observers design also is elementary subproblems of the correcting actions design.
Step 1. Let us represent system (11) with respect to residuals (13):
. , 
The solution of closed-loop system (14), (15) 
Step 2. Let us represent the first equation of system (12) 
provides the closed-loop stable subsystem ,
In the first subsystem of (19), let us generate the discontinuous correcting action 12 12 12 sgnε M v = using the method of the cascade design of the sliding mode observers (Krasnova et al., 2001) . Under The technique used to construct the state observers on sliding modes enables one to provide the asymptotic convergence to given paths (2) and does not require information on the vector functions 11 ϕ , 22 ϕ , including the external disturbances, their derivatives and the derivatives of reference signals; it is only required they to be bounded. Of importance, the observer estimates just those variables that appear directly in the basic control laws (15), (18), which considerably simplifies the structure of the controller.
The developed block approach to the invariant tracking system design of linear systems (1) is enough universal, because it is based on the structural characteristics of the control plant operator. This method may be expanded to some classes of non-linear systems. In the next section, a non-linear dynamic model of the tangage of an amphibian aircraft is considered as a control plant.
SYNTHESIS OF A CONTROL SYSTEM OF THE AMPHIBIAN AIRCRAFT TANGAGE
An amphibian aircraft (AA) is a transportation vehicle intended to operation in two media (air and water), what imposes a number of specific requirements to the AA control system in comparison to a conventional aircraft, especially under assurance of required modes of takeoff-landing. Under the landing mode, the main feature is the AA tangage control with a given velocity, height, and pitch angle under conditions of considerable wave disturbances. Under deriving the tangage model, one considers the angles of list and yaw of the AA to be negligible, and velocities and accelerations, corresponding to them, to be zero ones. That enables one to restrict to consideration of a simplified dynamical AA model of the form (Bogoslovsky and Dorofeev, 2002) : is stated, which is reduced to the problem of stabilization of the residual g y e − = ; where ),
are set to be bounded in module time functions.
As can be seen, system (20)- (22) control variable i u , and each subsystem is observable with respect to i y 1 (Krasnova et al., 2001) . That enables one to use the methodology of the block design of the invariant tracking system developed in Section 2, and independently synthesize the controls i u ) 3 , 2 , 1 ( = i in systems (20)- (22).
Step 1. Let us represent system (20) 
The combined control law
provides the closed-loop stable subsystem 11 11 11
. For the dataware of control law (24), let us derive the sliding mode observer as a replica of system (23) 
, whose value we will obtain from the output of the first order filter with a small time constant: e with the rate determined by selecting 11 k .
Step 2. Let us represent the first equation of system (21) Step 3. Analogously, the problem of tracking the assigned output variable of system (22) 
